In this paper, a novel modularized cell to cell battery balancing system is proposed. Battery energy is able to be transferred from any cell to any other cell in the battery string. Moreover, the balancing system is modularized, which will further reduce the cost of the system. The balancing working principle is analyzed. The components of different balancing systems are analyzed and compared. The balancing circuit simulation is established to validate the proposed method. Simulation results show that the proposed method the modularized cell to cell balancing function is realized.
With the development of electric vehicles (EVs), battery system is becoming more and more important [1] [2] [3] [4] . To cope the energy and power requirements for EVs, the battery cells should be connected in series and/or in parallel [5] . In such series connected battery string, the battery inconsistency is inevitable, not only due to the manufacturing factor, but also due to usage factor.
Battery balancing system is considered as the majority solution to the inconsistency problem. As a result, a majority balancing methods has been proposed recently [6, 7] . It can be categorized as the passive and the active balancing methods.
The passive balancing methods remove the excess energy from high energy cell(s) through resistors until the state of the battery matches those of the low energy cells in the battery string. The active balancing methods utilize active switching circuits to transfer energy between cells or between the cell(s) and the battery string.
To reduce the cost and improve the speed of the balancing system, a modularized cell to cell battery balancing system is proposed in this paper.
The Proposed Modularized Cell to Cell Battery Balancing System
The modularized cell to cell battery balancing system is proposed in this section, as shown in Figure 1 and the minimum configuration is shown in Figure 2 . 
Figure 2
The minimum configuration of the proposed modularized cell to cell battery balancing system.
As shown in the figure, the balancing system consists of n balancing modules. Each battery balancing module includes a battery unit, a switch module, a transformer and a capacitor.
Taking the th i battery balancing module as an example, the battery unit consists of m battery cell 1 , 1
) connected in series. Where i means the th i module and j means the th j cell in the The flyback converter principle is utilized for the balancing between battery modules and the forward converter principle is for the battery cells in the same battery module. In such construction, the battery cells can be balanced between any cells.
To concisely explain the proposed method, the minimum configuration of the proposed is shown in Figure 2 . In this minimum configuration, there are two battery balancing modules and in each module, there are two battery cells.
Working principles
Taking the minimum configuration for example, the proposed battery balancing system consists of three work mode, as shown in Figure 3 and the key waveforms are shown in 
Simulation and Validation
The proposed method is validated in the simulation. The minimum configuration is utilized and four cells are connected in series, and divided into two modules. The voltage for the four cells are 4 V, 2.95 V, 3.85 V and 3.75 V, respectively. The frequency of the PWM is set to 20 KHz and the duty ratio is 46%. The simulation results are shown in Figure 5 . Comparing with Figure 4 , the key waveforms are almost the same as the theoretical ones, which prove the effectiveness of the proposed method. The current results for the four cells are shown in Figure 6 . As shown in the figure, the balancing current for cell 1 and cell 2 are about 1.33 A and 0.76 A, respectively. The charging current are 1.17 A and 0.7 A for cell 3 and cell 4, respectively. The function of balancing is achieved, both for the balancing between battery modules and for the balancing between battery cells in the same battery module. 
Conclusion
The novel modularized cell to cell battery balancing system has been proposed in this paper. Battery energy was realized to be transferred from any cell to any other cell in the battery string. Moreover, the balancing system was modularized, which would further reduce the cost of the system. The balancing working principle was analyzed. The balancing circuit simulation was established to validate the proposed method. Simulation results showed that the proposed method the modularized cell to cell balancing function was realized. The balancing current was as large as 1.3 A.
